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Introduction {#sec001}
============

Ulcerative colitis (UC) is a chronic relapsing and remitting inflammatory disease of the colon which causes severe diarrhea, abdominal pain and increases the risk of colorectal cancer \[[@pone.0144101.ref001]\]. UC mostly affects the young and middle-aged and up to 18% of patients suffer chronic active disease associated with significant morbidity and loss of productivity, which generally requires lifelong treatment \[[@pone.0144101.ref001]\]. With increasing incidence, UC has a significant impact on patient's lives and brings enormous cost burden on healthcare system. However, up to date, there is no cure for UC; the overall goals are to induce and maintain remission, and to prevent complications \[[@pone.0144101.ref001]\]. It is thus urgent to establish new treatment strategies for reducing UC.

In current practice, 5-aminosalicylic acid (5-ASA) still represents the cornerstone of first-line therapy for mild-to-moderate UC even after several decades of application \[[@pone.0144101.ref002],[@pone.0144101.ref003]\]. 5-ASA administration *in vivo* can reduce the inflammatory responses through two major mechanisms: inhibition of prostaglandin E2 (PGE2) production via cyclooxygenase-2 (COX-2) and inhibition of nuclear factor κB (NFκB) activation \[[@pone.0144101.ref004],[@pone.0144101.ref005]\]. 5-ASA and its derivatives have been widely studied in inducing and maintaining remission in UC \[[@pone.0144101.ref002],[@pone.0144101.ref003]\]. Unfortunately, the general response rate is only 70%−80% and the relapse rate largely varies \[[@pone.0144101.ref006]\]. Therefore, 5-ASA agents often require multiple doses daily and many pills, which usually results in a low patient compliance in the long-term \[[@pone.0144101.ref006]\]. It is necessary to search for strategies to improve the therapeutic effects of 5-ASA.

Immunomodulatory agents originated from alternative medicine, particularly Chinese herbal medicines (CHM), represent a promising class of novel agents for UC therapy \[[@pone.0144101.ref007]\]. Berberine is a major bioactive component of *Coptidis Rhizome* which is commonly used in the CHM formulas for UC patients \[[@pone.0144101.ref008]\]. It possesses multiple pharmacological effects such as antidiarrheic and anti-inflammatory activities and has been proved to be safe along a chronic administration \[[@pone.0144101.ref009],[@pone.0144101.ref010]\]. Recently, berberine was demonstrated to be able to inhibit cytokine responses via activator of transcription (STAT)-3 \[[@pone.0144101.ref011]\]. STAT3 is key molecular in the janus kinase (JAK)-STAT (JAK/STAT) signaling pathway which is central in mediating cytokine responses under chronic conditions of UC \[[@pone.0144101.ref012]\]. Interestingly, many recent studies have demonstrated that berberine has excellent protective effects against experimental models of UC \[[@pone.0144101.ref013]--[@pone.0144101.ref016]\]. Moreover, a clinical trial has been just initiated to evaluate the efficacy and safety of berberine in UC patients \[[@pone.0144101.ref017]\]. Based on above knowledge, it is rational to hypothesize that with anti-UC activity combined with pharmacological safety, berberine might allow a reduction in the amount of 5-ASA required for treatment and so increase the adherence of patient upon a chronic administration.

Therefore, our present study aimed to evaluate whether the addition of berberine to a subclinical dose of 5-ASA showed effect in mice with DSS-induced chronic relapsing colitis. In addition to characterizing its molecular mechanism of their anti-UC activity, we defined the possible drug accumulation and potential toxicity associated with this dual therapy. Our data may inform the design of a future clinical trial evaluating 5-ASA plus berberine in UC patients.

Materials and Methods {#sec002}
=====================

Chemicals and reagents {#sec003}
----------------------

5-ASA, N-acetyl-5-aminosalicylic acid (Ac-5-ASA), lithium chloride, phorbol myristate acetate (PMA) and ionomycin were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Berberine hydrochloride was purchased from Shenzhen ChemStrong Scientific Co., Ltd (Shenzhen, China) at the highest available purity (≥ 95%). The structure of 5-ASA and berberine hydrochloride is shown in [Fig 1](#pone.0144101.g001){ref-type="fig"}. Dextran sulfate sodium (DSS) was the product of MP Biomedicals (MW; 36,000−50,000, MP Biomedicals, Solon, OH, USA). HPLC grade of acetonitrile, methanol and formic acid were purchased from Merck (Darmstadt, Germany). Deionized water was purified by the Millipore water purification system (Millipore, Milford, MA, USA). All other reagents used were of analytical grade.

![Chemical structure of 5-ASA and berberine.](pone.0144101.g001){#pone.0144101.g001}

Experimental animals {#sec004}
--------------------

Male, 12-week old C57BL/6 mice weighing 23 to 25 g obtained from The Chinese University of Hong Kong were used in this study. The animals were housed in rooms at a controlled temperature and with light/dark (12 hr/12 hr) cycles. They were fed standard mice chow pellets and had access to filtered water supplied in bottles. All animal care and experimental procedures were approved by the Animal Care and Use Committee at Hong Kong Baptist University.

Induction of colitis and treatment {#sec005}
----------------------------------

In order to evaluate the damage progression overtime, experimental chronic colitis was induced by giving mice three cycles of DSS with protocol modified according to the description of Wirtz *et al* \[[@pone.0144101.ref018]\]. Briefly, DSS was dissolved in drinking water at a concentration of 2.0% (w/v). Each cycle consisted of 2% DSS for five days followed by drinking water for 14 days. The first day and the last day of treatment were designated as day 0 and day 43, respectively. All mice after receiving one cycle of DSS developed colitis and they were randomly divided into three groups with eight mice in each group: DSS, 5-ASA (200 mg/kg) alone and 5-ASA (200 mg/kg) plus berberine (20 mg/kg) (*n* = 8 for each group). The animals within each group showed a comparable severity of colitis and the amount of consumed drinking water was similar in all experimental groups. 5-ASA or 5-ASA plus berberine was freshly prepared and administered orally once daily in a volume of 200 μl in parallel with or without DSS-feeding for a total of 30 days. A group of mice designated as water group received filtered water alone throughout the experiment course (*n* = 8).

Determination of clinical score, colon length and colon histological changes {#sec006}
----------------------------------------------------------------------------

Body weight, stool consistency and occult blood or the presence of gross blood per rectum were determined according to the described criterion \[[@pone.0144101.ref018]\]. Briefly, weight loss of 1--5%, 5--10%, 10--20%, and \>20% was scored as 1, 2, 3, and 4, respectively. For stool consistency, 0 was scored for well-formed pellets, 1 for soft but formed stools, 2 for pasty and semi-formed stools, which did not stick to the anus, and 3 for liquid stools that remained adhesive to the anus. Bleeding was scored 0 for no blood in hemoccult, 1 for positive hemoccult, 2 for gross bleeding in facet and 3 for gross bleeding from the rectum. Weight loss, stool consistency, and stool bleeding sub-scores were added, resulting in a total clinical score ranging from 0 (healthy) to 10 (maximal activity of colitis).

By the end of treatment, the animals were fasted for 24 hours and then anaesthetized by intraperitoneal injection of chloral hydrate. Thereafter, blood was collected from eye before animals were sacrificed by cervical dissociation. Post mortem the entire colon was removed from the caecum to the anus and the colon length was measured. Afterwards, the colon of each animal was divided according to their length: the distal 10% was fixed in 10% buffered formalin for histological examination, the next 40% snap-frozen in liquid nitrogen for cytokine mRNA quantification, another 40% was dissected out for Western bolt assay, and the proximal 10% was used for LC-MS analysis. Rings of the transverse part of the colon fixed in formalin were embedded in paraffin and sections at 5 μm thickness were stained with hematoxylin & eosin (H&E).

Colon mRNA extraction and quantitative real-time reverse-transcription polymerase chain reaction (RT-qPCR) {#sec007}
----------------------------------------------------------------------------------------------------------

Total RNA was isolated using Trizol (Invitrogen, La Jolla, CA, USA) and subjected to mRNA purification using lithium chloride precipitation as recommended by Viennois *et al* \[[@pone.0144101.ref019]\]. Reverse transcription was performed with the cDNA Synthesis Kit (Takara Biotech, Japan). The mRNA expression of mucin genes, cytokines and the internal control glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was measured by RT-qPCR performed with the 7500 Real Time PCR System (Applied Biosystems, CA, USA). Mouse mRNA primers used in analysis were purchased from Life Technologies (Waltham, MA, USA) and the sequences are listed as follows: MUC1: 5\'-TCT CCA GCC ACC AGC CCT CTA A-3\', 5\'-TGG CCA TGG TAG GAG AAA CAG G-3\'; MUC2: 5\'-GGG AGG GTG GAA GTG GCA TTG T-3\', 5\'-TGC TGG GGT TTT TGT GAA TCT C-3\'; MUC4: 5\'-CAT ATT CAA TAC CAC CGG TGT TC-3\', 5\'-AAG GAT GGA ATT GGT GCT TTG TC-3\'; COX-2: 5\'-TTC TCT ACA ACA ACT CCA TCC TC-3\', 5\'-GCA GCC ATT TCC TTC TCT CC-3\'; TNF-α:5\'-GAC CCT CAC ACT CAG ATC ATC CTT CT-3\', 5\'-ACG CTG GCT CAG CCA CTC-3\'; IL-12b: 5\'-TAA CCA GAA AGG TGC GTT CC-3\', 5\'-CTT TCC AAC GTT GCA TCC TA-3\'; Gapdh: 5\'-ATG TTC CAG TAT GAC TCC ACT CAC G-3\', 5\'-AAG ACA CCA GTA GAC TCC ACG ACA-3\'. The mRNA expression level in the water group was set as 100%, and mRNA expression levels in treated mice were compared with that of the water group.

Western blot {#sec008}
------------

Frozen colon samples were homogenized in PBS with 1% phosphatase inhibitor cocktail (Sigma-Aldrich St. Louis, MO, USA). Homogenates were centrifuged (12,000×g, 15 min, 4°C) and the supernatants were collected. Protein concentration was determined following Bradford\'s colorimetric method. Aliquots of supernatants containing equal amounts of protein (20 μg) were separated on 10% SDS-PAGE gel and then transferred to a PDF membrane (Hybond, GE Healthcare, UK). After blocking, membranes were incubated with specific primary antibodies (NFκB, IKKα, IKKβ, JAK2, STAT1, STAT3 or β-actin and phosphorylated NFκB (p-NFκB), IKKαβ (p-IKKαβ), JAK2 (p-JAK2), STAT1 (p-STAT1), STAT3 (p-STAT3)) (Cell Signaling Technology, MA, USA) at the dilution of 1:2000. After three washes, membrane was then incubated with the secondary horseradish peroxidase linked anti-rabbit or anti-mouse IgG (Santa Cruz Biotechnology, Inc, CA, USA). Immunodetection was performed using chemiluminescence light-detecting kit (West Pico Chemiluminescent Substrate, Pierce, Rockford, IL, USA). Densitometry data were measured following normalization to the control by Adobe® Photoshop CS3 and Image J software. The relative density of the signaling band on Western blot was compared with the β-actin band in each group. The ratio in the water group was set as 1, and ratios in treated mice were compared with that of the water group.

Lymphocyte culture {#sec009}
------------------

Spleens were aseptically removed from water or DSS-treated mice at the end of study. Lymphocyte suspensions were prepared according to standard procedures using lympholyte-M (Cedarlane Labs, Hornby, Ontario, Canada). Cells were washed twice in RPMI-1640 (Gibco, Carlsbad, CA USA), resuspended in medium containing 10% fetal bovine serum (FBS) (Gibco, Carlsbad, CA USA), and cultured at concentration of 1.0 ×10^6^ cells/ml in 24-well plates. Cultures were incubated at 37°C in a humidified atmosphere with 5% CO~2~ for 20 hr in the presence of 1 μM 5-ASA, 5-ASA plus 1 μM berberine or absence of any drug, PMA (50 ng/ml) and ionomycin (500 ng/ml) were then added for additional 4 hr. At the end of the incubation period the culture medium were frozen at --70°C until cytokine measurement.

Enzyme-linked immunosorbent assay (ELISA) {#sec010}
-----------------------------------------

Concentrations of PGE2 and TNF-α were measured using commercial mouse ELISA kits according to the manufacturer\'s instructions (eBioscience, San Diego, CA, USA).

Determination of 5-ASA and its metabolite Ac-5-ASA by LC-MS/MS {#sec011}
--------------------------------------------------------------

Serum samples (50 μl) were added to 400 μl of methyl alcohol for deproteinization. After centrifugation at 12,000g for 10 min, the upper organic layer was transferred into a polythene tube and dried using centrifugal vacuum at 37°C. The dried residue was dissolved in 200 μl of the mobile phase. The colon slices (50 mg) were mixed with 300 μl of normal saline after weighing and then homogenized (IKA-T10 homogenizer; IKA, Staufen, Germany) in an ice-bath environment. The other preparations were handled the same as the serum samples. Two microliters of each sample were injected for LC-MS/MS analysis (API 3200; Applied Biosystems, Foster City, CA, USA) using ultra-high-performance liquid chromatography (UHPLC-QQQ-MS) system (Agilent, Santa Clara, CA, USA) and methods modified according to a previous report \[[@pone.0144101.ref020]\].

Histological evaluation of potential toxicity {#sec012}
---------------------------------------------

Mice were sacrificed following blood collection. The positions, shapes, sizes and colors of internal organs were recorded. The spleen, lung, liver, and brain were collected and preserved in 10% neutral formalin. The tissues were then embedded in paraffin, sectioned, and stained with H&E.

Data analysis {#sec013}
-------------

All data are presented as the means ± standard deviation (SD) of at least three biological replicates. The clinical score data were tested for statistically significant differences in the mean values by two-way ANOVA. To detect the differences in the presence of a significant two-way ANOVA, a Tukey post hoc analysis was performed. Remaining data between multiple groups were compared using one-way ANOVA followed by Duncan post-hoc test. Statistical analyses were performed using Prism 6 for Windows software (GraphPad Software, Inc., San Diego, CA, USA). *P*-values of 0.05 or less were considered statistically significant.

Results {#sec014}
=======

Clinical score and colon length {#sec015}
-------------------------------

The experimental protocol is shown in [Fig 2A](#pone.0144101.g002){ref-type="fig"}. Mice exposed to 2.0% DSS developed signs of colitis as expressed by comparable clinical score of greater than 3 from day 5 onward before drug treatment between groups (full data not shown). Significant increases in the DAI at all four tested time points ([Fig 2B](#pone.0144101.g002){ref-type="fig"}), in loss of body weight at two early time points (day 13 and 24) ([Fig 2C](#pone.0144101.g002){ref-type="fig"}), as well as in scores of stool consistency and stool bleeding at two DSS-treated time points (day 24 and 43) ([Fig 2D and 2E](#pone.0144101.g002){ref-type="fig"}) were observed in animals treated with DSS when compared to water control mice. Administration of 200 mg/kg/d 5-ASA alone clearly decreased the DAI and stool consistency score only at the end of treatment (Day 43) when compared to the untreated DSS animals, but the difference did not reach significance (*n* = 8; [Fig 2B and 2D](#pone.0144101.g002){ref-type="fig"}). Treatment with 200 mg/kg 5-ASA plus 20 mg/kg berberine was also only effective after 30-day administration, while it resulted in a much lower DAI, and scores of both stool consistency and stool bleeding (*n* = 8; [Fig 2B, 2D and 2E](#pone.0144101.g002){ref-type="fig"}). Further, this difference in DAI between 5-ASA alone and 5-ASA plus berberine treatment groups was significant ([Fig 2B](#pone.0144101.g002){ref-type="fig"}). The water control animals, which received regular drinking water did not develop signs of colitis during the whole experimental course (*n* = 8) (all clinical scores \< 1.5 from days 1 to 43, detailed data not shown).

![Effects of the addition of berberine to 5-ASA on clinical score and colon length of DSS-induced chronic relapsing colitis mice.\
Experimental colitis was induced by giving mice three cycles of DSS. Each cycle consisted of 2% DSS for five days followed by drinking water for 14 days. The first and last day of DSS treatment were designated as days 0 and 43, respectively. From day 13, experimental mice were treated daily with 5-ASA (200 mg/kg) alone or 5-ASA plus berberine hydrochloride (20 mg/kg) through gavage of 0.2 ml of the respective solution during the 30 days of concomitant DSS-colitis induction. Control mice received water alone. The experimental protocol for DSS-induced colitis in mice and the administration of berberine is shown in (A). The degree of colitis was quantified by the disease activity index (DAI) (B) by assessing loss of body weight (C), scores of stool consistency (D) and stool bleeding (E). The colon was collected and its length was measured after mice were sacrificed by the end of treatment (F and G). ^a^ *P* \< 0.05, ^b^ *P* \< 0.01, ^c^ *P* \< 0.001, ^d^ *P* \< 0.0001 versus water; ^g^ *P* \< 0.001 versus DSS; ^j^ *P* \< 0.01 versus 5-ASA alone (n = 8 mice per treatment group).](pone.0144101.g002){#pone.0144101.g002}

Colon length is an indirect and reproducible surrogate for colitis severity of colonic inflammation \[[@pone.0144101.ref021]\]. Three cycles of DSS challenge induced a significant reduction in colon length (colon shorting) when compared to water control animals (*n* = 8; [Fig 2F and 2G](#pone.0144101.g002){ref-type="fig"}). The administration of 5-ASA alone partially but significantly reversed the DSS-induced colon shorting (*n* = 8; [Fig 2F and 2G](#pone.0144101.g002){ref-type="fig"}). DSS-exposed animals treated with 5-ASA plus berberine also showed significant effect on reducing colon shorting comparing with animals treated with DSS (*n* = 8; [Fig 2F and 2G](#pone.0144101.g002){ref-type="fig"}). When compared to 5-ASA alone, the dual therapy did not significantly improved the colon length, but resulted in a largely minimized variation of colon length between individual animals ([Fig 2G](#pone.0144101.g002){ref-type="fig"}).

Colon histological changes and mucin genes expression {#sec016}
-----------------------------------------------------

Histology of rings of the transverse part of the colon in DSS-exposed mice revealed multiple erosive lesions including losses of crypt and columnar epithelium and inflammatory cell infiltration (*n* = 4; [Fig 3A](#pone.0144101.g003){ref-type="fig"}). Treatment with 5-ASA showed a tendency to decrease the colon tissue injury as compared to the DSS control (*n* = 4; [Fig 3A and 3B](#pone.0144101.g003){ref-type="fig"}). Animals treated with 5-ASA plus berberine had a significantly improved histology of colon and the inflammation score was more significantly decreased when compared to 5-ASA alone (*n* = 4; [Fig 3A and 3B](#pone.0144101.g003){ref-type="fig"}). In the water control group not exposed to DSS, no histologic signs of inflammation were detected (*n* = 4; [Fig 3A](#pone.0144101.g003){ref-type="fig"}).

![Effects of the addition of berberine to 5-ASA on colon tissue injury and mRNA expressions of mucin genes of DSS-induced chronic relapsing colitis mice.\
Experimental colitis was induced by giving mice three cycles of DSS. Each cycle consisted of 2% DSS for five days followed by drinking water for 14 days. The first and last day of DSS treatment were designated as days 0 and 43, respectively. From day 13, experimental mice were treated daily with 5-ASA (200 mg/kg) alone or 5-ASA plus berberine hydrochloride (20 mg/kg) through gavage of 0.2 ml of the respective solution during the 30 days of concomitant DSS-colitis induction. Control mice received water alone. At the end of treatment, mice were killed and the colon sections were collected and subjected to paraffin embedding and later hematoxylin and eosin (H&E) staining for light microscopic assessment (A) and colon injury/inflammation scoring (B). Scale bar = 50 or 100 μm. The colonic mRNA expression of MUC1 (C), MUC2 (D), MUC4 (E) and the housekeeping gene Gapdh in colitis mice was determined by RT-qPCR. The cytokine mRNA expression level in the water group was set as 100%, and mRNA expression levels in treated mice were compared with the water group. ^b^ *P* \< 0.01 versus water; ^e^ *P* \< 0.05, ^f^ *P* \< 0.01 versus DSS; ^h^ *P* \< 0.05 versus 5-ASA alone (n = 4 mice per treatment group).](pone.0144101.g003){#pone.0144101.g003}

On the mucosal surface, mucins constitute a layer of mucus lining the gastrointestinal tract to form a lubricant and physical barrier. The changes in mucin quantity have been proved involved in ulcerative injury during UC pathogenesis \[[@pone.0144101.ref022]--[@pone.0144101.ref024]\]. The mRNA expression of colon mucin genes revealed that MUC1, MUC2 and MUC4 were all reduced by DSS challenge (*n* = 4; [Fig 3C--3E](#pone.0144101.g003){ref-type="fig"}). These reductions were slightly alleviated by 5-ASA alone, while significantly alleviated by 5-ASA plus berberine when comparing to DSS control (*n* = 4; [Fig 3C--3E](#pone.0144101.g003){ref-type="fig"}). Unexpectedly, the dual therapy did not significantly alleviate the reductions of mucin genes expressions when compared to 5-ASA alone (*n* = 4; [Fig 3C--3E](#pone.0144101.g003){ref-type="fig"}).

Pro-inflammatory responses in colon of DSS-induced colitis mice {#sec017}
---------------------------------------------------------------

To explore how above beneficial effects generated the mRNA levels of the pro-inflammatory cytokines in the colonic tissue of animals treated with 5-ASA alone or 5-ASA plus berberine after DSS administration were measured. The results showed that DSS-induced colitis was accompanied by a significant up-regulation of all tested cytokines mRNA in the colons of animals (n = 4; [Fig 4A--4E](#pone.0144101.g004){ref-type="fig"}). Animals treated with 5-ASA alone showed a distinguished decrease in mRNA levels of COX-2, IL-6 and IL-23, but no significant decrease in TNF-α or IL-12b when compared to the DSS control ([Fig 4A--4E](#pone.0144101.g004){ref-type="fig"}). Interestingly, a dramatic inhibition of the five cytokines mRNA were observed after 5-ASA plus berberine treatment when compared to DSS control (*n* = 4; [Fig 4A--4E](#pone.0144101.g004){ref-type="fig"}). Especially, the dual therapy significantly inhibited the increase of TNF-α mRNA when compared with 5-ASA alone (n = 4; [Fig 4B](#pone.0144101.g004){ref-type="fig"}).

![Effects of the addition of berberine to 5-ASA on pro-inflammatory responses of colon in DSS-induced chronic relapsing colitis mice.\
Experimental colitis was induced by giving mice three cycles of DSS. Each cycle consisted of 2% DSS for five days followed by drinking water for 14 days. The first and last day of DSS treatment were designated as days 0 and 43, respectively. From day 13, experimental mice were treated daily with 5-ASA (200 mg/kg) alone or 5-ASA plus berberine hydrochloride (20 mg/kg) through gavage of 0.2 ml of the respective solution during the 30 days of concomitant DSS-colitis induction. Control mice received water alone. At the end of treatment, mice were killed and the colon mRNA was isolated for real-time PCR analysis of the mRNA abundance of COX-2 (A), TNF-α (B), IL-12b (C), IL-6 (D), IL-23 (E) and the housekeeping gene Gapdh. The cytokine mRNA expression level in water group was set as 100%. mRNA expression levels in DSS, 5-ASA or 5-ASA plus berberine-treated groups were compared with the water group. ^a^ *P* \< 0.05, ^c^ *P* \< 0.001, ^d^ *P* \< 0.0001 versus water; ^e^ *P* \< 0.05, ^f^ *P* \< 0.01, ^h^ *P* \< 0.0001 versus DSS; ^j^ *P* \< 0.01 versus 5-ASA alone (*n* = 4 mice per treatment group).](pone.0144101.g004){#pone.0144101.g004}

NFκB and JAK/STAT pathways activation in colon of DSS-induced colitis mice {#sec018}
--------------------------------------------------------------------------

Our findings described above support a more potently negative regulatory role of 5-ASA plus berberine in pro-inflammatory responses. To define the underlying mechanism, two key signaling pathways NFκB and JAK/STAT, which play roles in UC pathogenesis and reported involved in either 5-ASA or berberine bioactivity were investigated \[[@pone.0144101.ref011],[@pone.0144101.ref012],[@pone.0144101.ref025]\]. Interestingly, we found that the combo treatment more significantly downregulated both the NFκB p65 and phosphorylation status of it with other signals of this pathway and β-actin not significantly affected (*n* = 4; [Fig 5A and 5B](#pone.0144101.g005){ref-type="fig"}). In addition, in consistence with reductions in the above-described cytokines, DSS induction-induced elevated phosphorylation of JAK2 was significantly decreased upon treatment with 5-ASA plus berberine when compared to DSS or 5-ASA alone treatment group ([Fig 5C and 5D](#pone.0144101.g005){ref-type="fig"}). Collectively, these results indicate that the additional efficacy of combined treatment was attributable, at least in part, to inhibition of the NFκB and JAK/STAT signaling.

![Effects of the addition of berberine to 5-ASA on activated NFκB and JAK/STAT pathways of colon in DSS-induced chronic relapsing colitis mice.\
Experimental colitis was induced by giving mice three cycles of DSS. Each cycle consisted of 2% DSS for five days followed by drinking water for 14 days. The first and last day of DSS treatment were designated as days 0 and 43, respectively. From day 13, experimental mice were treated daily with 5-ASA (200 mg/kg) alone or 5-ASA plus berberine hydrochloride (20 mg/kg) through gavage of 0.2 ml of the respective solution during the 30 days of concomitant DSS-colitis induction. Control mice received water alone. At the end of treatment, mice were killed and the colon total cellular lysates were prepared for detecting the amounts of the indicated signals of NFκB (A and B) and JAK/STAT (C and D) pathways by Western blot analysis. Blotting for β-actin was used as a protein loading control. The relative density of the target protein bands on Western blot was compared with the β-actin band in each group. The density ratio in the water group was set as 1, and ratios of other three groups were compared with that of the water group. ^c^ *P* \< 0.001 and ^d^ *P* \< 0.0001 versus water; ^f^ *P* \< 0.01, ^g^ *P* \< 0.001, ^h^ *P* \< 0.0001 versus DSS; ^i^ *P* \< 0.05 and ^l^ *P* \< 0.0001 versus 5-ASA alone (*n* = 4 mice per treatment group).](pone.0144101.g005){#pone.0144101.g005}

PGE2 production and TNF-α secretion by re-stimulated lymphocyte of DSS-induced colitis mice {#sec019}
-------------------------------------------------------------------------------------------

5-ASA and berberine have been proved to exert anti-inflammatory property via inhibiting PGE2 and/or TNF-α. Thereby we evaluated the direct effects of 5-ASA alone or its combination with berberine on PGE2 production and TNF-α secretion ex-vivo. Lymphocytes isolated from the spleens of water or DSS-treated mice were isolated and cultured for 20 hr with vehicle control, 5-ASA alone or 5-ASA plus berberine treatment. Cells were then re-stimulated by PMA (25 ng/ml) plus ionomycin (500 ng/ml) for additional 4 hr.

The results demonstrated that the lymphocytes without PMA/ionomycin stimulation did not produce significant levels of PGE2 or TNF-α (*n* = 3; [Fig 6A and 6B](#pone.0144101.g006){ref-type="fig"}). Even so, when compared with that of water control mice, PGE2 and TNF-α originated from lymphocytes isolated from DSS mice were significantly up-regulated, suggesting an *in vivo* inflammatory response of mice to DSS challenge ([Fig 6A and 6B](#pone.0144101.g006){ref-type="fig"}). Either *in vitro* 5-ASA alone or 5-ASA plus berberine treatment did not induce any obvious effects on this elevated PGE2 production or TNF-α secretion ([Fig 6A and 6B](#pone.0144101.g006){ref-type="fig"}), indicating these *in vitro* treatments had no reversing effect on existing *in vivo* inflammatory response to DSS.

![Effects of the addition of berberine to 5-ASA on PGE2 production and TNF-α secretion of lymphocytes.\
Experimental colitis was induced by giving mice three cycles of DSS. Each cycle consisted of 2% DSS for five days followed by drinking water for 14 days. Control mice received water alone. At the end of treatment, mice were killed and the lymphocyte were isolated from spleens and then cultured for the measurement of PGE2 production and TNF-α secretion without (A and B) or with PMA/ionomycin re-stimulation (C and D). ^a^ *P* \< 0.05,^c^ *P* \< 0.001 versus water mice; ^e^ *P* \< 0.05, ^f^ *P* \< 0.01 versus vehicle control (*n* = 3).](pone.0144101.g006){#pone.0144101.g006}

Conversely, PMA plus ionomycin stimulated lymphocytes of DSS-treated mice showed a significantly higher PGE2 production as compared to that of the water-treated animals (*n* = 3; [Fig 6C](#pone.0144101.g006){ref-type="fig"}). 5-ASA alone but not 5-ASA plus berberine treatment significantly reduced PGE2 production of lymphocyte from the DSS mice group (*n* = 3; [Fig 6C](#pone.0144101.g006){ref-type="fig"}), indicating berberine did not show additive effects, but might antagonize the action of 5-ASA on inhibiting lymphocyte PGE2 production. Differently, PMA/ionomycin induced similar degree of TNF-α secretion from lymphocytes isolated from both water and DSS-treated group, even the latter showed a significantly higher level as compared to the water-treated animals (*n* = 3; [Fig 6D](#pone.0144101.g006){ref-type="fig"}). Interestingly, both two *in vitro* treatments reversed the up-regulation of TNF-α with the combo group more significantly in the DSS but not in water mice when compared to vehicle control (*n* = 3; [Fig 6D](#pone.0144101.g006){ref-type="fig"}), suggesting a more potent effect was induced by the addition of berberine to 5-ASA. These dual directions of combination effect on PGE2 and TNF-α may partial explain why only marginal better effect on improvement of disease severity of colitis was induced by 5-ASA plus berberine.

Drug accumulation in serum, colon and spleen and potential toxicity to major organs after 5-ASA/berberine chronic administration {#sec020}
--------------------------------------------------------------------------------------------------------------------------------

Concentrations of 5-ASA and its metabolite Ac-5-ASA in the body are relatively constant along a chronic administration \[[@pone.0144101.ref026],[@pone.0144101.ref027]\]. Thus effect of berberine addition to 5-ASA on the drug accumulation were evaluated at the end of study by measuring drug concentration at this time point. As shown in [Fig 7A](#pone.0144101.g007){ref-type="fig"}, the presence of berberine did not significantly change the concentration of 5-ASA in serum, colon or spleen of colitis mice. Similarly, the drug concentration of Ac-5-ASA in serum, colon or spleen were not significantly affected by con-current administration of berberine in contrast to the oral administration of 5-ASA alone (*n* = 4; [Fig 7B](#pone.0144101.g007){ref-type="fig"}).

![Potential drug accumulation and toxicity of addition of the berberine to 5-ASA in DSS-induced chronic relapsing colitis mice.\
Experimental colitis was induced by giving mice three cycles of DSS. Each cycle consisted of 2% DSS for five days followed by drinking water for 14 days. The first and last day of DSS treatment were designated as days 0 and 43, respectively. From day 13, experimental mice were treated daily with 5-ASA (200 mg/kg) alone or 5-ASA plus berberine hydrochloride (20 mg/kg) through gavage of 0.2 ml of the respective solution during the 30 days of concomitant DSS-colitis induction. Control mice received water alone. At the end of treatment, mice were killed and the concentrations of 5-ASA (A) and Ac-5-ASA (B) in serum, colon and spleen of colitis mice were measured by LC-MS analysis. Paraffin sections of spleen, lung, liver, and brain (C) were stained with hematoxylin and eosin (H&E). *n* = 4 mice per treatment group. Scale bar = 50 μm. RePu: Red pulp. WhPu: white pulp. Al: alveolus. InSe: interalveolar septum.CV: central vein. Ne: neuron.](pone.0144101.g007){#pone.0144101.g007}

The potential toxicity of berberine addition to 5-ASA after chronic administration in DSS mice was evaluated in parallel. There were no apparent clinical signs of toxicity in any treatment group (data not shown). Upon microscopic examination of selected organs of mice, the primary histopathological finding during the 43-day of the study was the presence, in the DSS challenged groups, mononuclear cell infiltrates in the spleen and the resultant enlargement (*n* = 4; [Fig 7C](#pone.0144101.g007){ref-type="fig"}). However, no clearly treatment-related findings were observed in either 5-ASA alone or 5-ASA plus berberine treatment groups ([Fig 7C](#pone.0144101.g007){ref-type="fig"}). Histopathological examinations of the remaining organs of DSS mice revealed that there were no patterns of clinically important abnormalities in the liver, lung and brain detected ([Fig 7C](#pone.0144101.g007){ref-type="fig"}). Accordingly, in mice treated for 30 days with 5-ASA alone or 5-ASA plus berberine, no gross abnormality was seen in the morphologies features consistencies and appearances of above organs ([Fig 7C](#pone.0144101.g007){ref-type="fig"}).

Discussion {#sec021}
==========

Berberine has been used in the treatment of various infectious disorders in CHM for more than 3000 years. It has been recently proven to regulate the activity of Th1 and Th17 cells that play crucial roles in pro-inflammatory response and therefore have been studied as therapeutic strategy in auto-immune diseases including UC \[[@pone.0144101.ref014],[@pone.0144101.ref028],[@pone.0144101.ref029]\]. Our recent study also demonstrated that berberine significantly inhibited Th17 responses in the DSS-induced chronic colitis model in mice (data not published). We therefore speculated that an addition of berberine to 5-ASA could be more effective than 5-ASA alone to reduce intestinal inflammation in a chronic relapsing DSS model mimicking UC of humans.

In our experiments, DSS-induced chronic relapsing colitis was clinically characterized by fluctuating appearance of diarrhea and bloody feces, as well as significant decreases in body weight and colon length in C57BL/6 mice. Notably, in our study 30-day treatment with a sub-clinical dose of 5-ASA plus berberine significantly and stably reduced disease severity of colitis as demonstrated by DAI and histological examinations. It is worthy of note that the clinically effective dose of 5-ASA (4.8 g/d for patients, corresponding to 800 mg/kg/d for mice) is much higher than those used in our present study (200 mg/kg/d) \[[@pone.0144101.ref006]\]. The addition of berberine to such low level of 5-ASA caused a comparable alleviation of DSS-induced colitis resulting from other alternative therapies such as probiotics \[[@pone.0144101.ref030],[@pone.0144101.ref031]\], indicating the effect of 5-ASA is potentiated by the addition of berberine.

To characterize how 5-ASA efficacy was potentiated, their effects on pro-inflammatory responses of colon were monitored. As previously reported, berberine had anti-inflammatory properties in UC experimental models by reducing colonic expression of COX-2 and TNF-α \[[@pone.0144101.ref013]\]. Meanwhile, 5-ASA proves to be a weak, non-selective inhibitor of COX-2 \[[@pone.0144101.ref032]\]. In this way, berberine might be able to attenuate the increase of COX-2 expression and show additive effect on reducing other inflammatory cytokines, thereby potentiating the protective effect of 5-ASA against UC. In this work, we showed that the induction of colitis by DSS administration caused a clear pro-inflammatory response (increase of COX-2, TNF-α, IL-12b, and IL-23 mRNAs) in the colon, which was significantly down-regulated after the administration of 5-ASA plus berberine.

NFκB and JAK/STAT signaling are two key pathways which contain transcription factors involved in pro-inflammatory responses in the intestinal inflammation of IBD \[[@pone.0144101.ref012],[@pone.0144101.ref033]\]. Therapeutic intervention against NFκB and JAK activation has been reported as a useful strategy for treatment of IBD \[[@pone.0144101.ref012],[@pone.0144101.ref034]--[@pone.0144101.ref039]\]. In fact, inhibition of NFκB activity has been suggested to be a major component of the anti-inflammatory activity of 5-ASA \[[@pone.0144101.ref040]--[@pone.0144101.ref043]\]. Consistently, we found that 5-ASA alone inhibited NFκB but not IKK activation. Further, berberine addition to 5-ASA showed an additive effect on NFκB activation, which might be correlated with an additive inhibitory effect of the co-treatment on the NFκB pathway generated also by berberine \[[@pone.0144101.ref044]--[@pone.0144101.ref046]\].

Differently, JAK2 phosphorylation was reduced by the combined treatment but not by 5-ASA alone, suggesting that inhibition of the JAK/STAT pathway is likely to participate in the effect of 5-ASA plus berberine against chronic colitis. Previous studies suggest that the JAK/STAT signaling could be an effective therapeutic target for drug intervention due to its apparently unrestrained activation in UC \[[@pone.0144101.ref012],[@pone.0144101.ref037]\]. In addition to the regulation of STAT3 \[[@pone.0144101.ref047]\], berberine may exert an inhibitory effect along the entire JAK/STAT signaling cascade and thus addictive benefits provided by the combined therapy should be considered. Taking together, we observed that dual therapy of berberine plus 5-ASA was more efficient to reduce colon NFκB and JAK activations than 5-ASA alone. Use of berberine as an adjunct therapy may allow the reduction in dose of the mainstream therapy 5-ASA. Furthermore, the direct effect of the combo on pro-inflammatory responses was investigated by their inhibition of *ex-vivo* PGE2 production and TNF-α secretion. Interestingly, additive effect of the combination of 5-ASA with berberine has been observed on TNF-α secretion, but not on PGE2 production, which indicate that the effect of 5-ASA might be potentiated by berberine mainly through their crosstalk on TNF-α mediated inflammatory responses.

It has been reported that 5-ASA undergoes extensive inactivation to N-acetyl-ASA via N-acetyltransferase-1 (NAT-1) in the colonic mucosa and liver, which may be the underlying mechanism leading to low drug availability (20--30%) \[[@pone.0144101.ref048],[@pone.0144101.ref049]\]. Studies also showed that berberine markedly decreases the activity of NAT-1 in human colon and bladder tumor cells \[[@pone.0144101.ref050],[@pone.0144101.ref051]\]. Therefore, there is a possibility that by inhibiting the activity of NAT-1, berberine can decrease the level of 5-ASA transformation thereby increase level of 5-ASA available to colon, which may contribute to the increased effect of 5-ASA. However, in the present study, we observed that although berberine altered 5-ASA therapy, but did not induce obvious drug accumulation. After a 30-day of drug administration, comparable residual drug concentrations (both 5-ASA and its metabolite Ac-5-ASA) but more potent treatment effects were observed in groups receiving the subclinical dose of 5-ASA in combination with berberine than 5-ASA alone. These data suggest that the co-treatment with berberine did not significantly affect the washout kinetics of 5-ASA. However, the off-drug plasma and tissues sampling was performed at only one time point, additional studies with more frequent plasma sampling for a systematic pharmacokinetics study will further refine the estimates of the influence of berberine on the elimination of 5-ASA and thus its contribution to the more potent treatment effects.

In addition, berberine addition to the subclinical dose (200 mg/kg/day) of 5-ASA which produces pharmacological activity in the chronic colitis model appears to be well tolerated. DSS at the percentage of 2% administered chronically produced enlargements of spleen accompanied by inflammatory changes. It should be noted that the inflammatory changes of spleen observed in DSS mice appear to not be aggravated by this combination of 5-ASA and berberine. In addition, no toxicity was detected on three other selected organs (lung, liver and brain) by all treatments. As berberine is also an "over the counter" therapy, it is an important finding to know that berberine addition to 5-ASA did not worsen disease. Notably, the chronic administration of berberine to patients has been found safe and show beneficial effect on human bodies \[[@pone.0144101.ref052],[@pone.0144101.ref053]\]. Actually, berberine exhibits a median lethal dose (LD~50~) value (29586 mg/kg) approximately 100 times higher than that of 5-ASA (3370 mg/kg) when it is orally administered to mice \[[@pone.0144101.ref054]\]. Thus with comparable anti-UC activity but much lower toxicity, berberine may act as a good adjuvant alternative to 5-ASA in the treatment of UC for reducing toxicity of a chronic 5-ASA administration. A better understanding of the potential toxicity (such as the LD~50~ value and sub-acute toxicity) behind the effects of berberine addition to 5-ASA on UC is warranted to provide a more scientific basis to offer advice to UC patients.

Conclusion {#sec022}
==========

In summary, both 5-ASA, the mainstay of therapy for UC, and alternative medicine berberine have been proven to be effective in the mouse model of UC. However, it is hard to predict how the combined therapy might interact in a complex manner by affecting each other's efficacy, bioavailability, metabolism and toxicity. Thus, in this regard, our present study shows no clear adverse interaction between these two drugs. Although there is no obvious adverse interaction, it should be noted that the effect of the combined therapy is modest, which is a marginally better than 5-ASA alone. Therefore, the results from our study suggest that the addition of berberine to 5-ASA have a place in the therapy of UC and provide the rationale for advancement of this combination into clinical development.

5-ASA

:   5-aminosalicylic acid

CD

:   Crohn's disease

CHM

:   Chinese herbal medicines

DAI

:   disease activity index

DSS

:   dextran sodium sulfate

ELISA

:   enzyme-linked immunosorbent assay

Gapdh

:   glyceraldehyde 3-phosphate dehydrogenase

H&E

:   hematoxylin & eosin

IBD

:   inflammatory bowel disease

NAT-1

:   N-acetyltransferase-1

PGE2

:   prostaglandin E2

PMA

:   phorbol 12-myristate 13-acetate

RT-qPCR

:   quantitative real-time reverse-transcription polymerase chain reaction

UC

:   ulcerative colitis

UHPLC-QQQ-MS

:   ultra-high-performance liquid chromatography
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